Several unusual gases for which flowmeters are not readily available may be used in medical research. It was a requirement for low flows of hydrogen, necessitated by the hydrogen clearance technique for the measurement of cerebral blood flow, that provided the impetus for the design of the device described here. The method uses inspired hydrogen concentrations of 5-10%. Many animals have an extremely small minute volume; consequently a system delivering stable flows in the range 0.1-1.0 litre min" 1 is necessary. Because hydrogen is introduced into the ventilator circuit near its connection with the tracheal tube, back pressure effects on the flowmeter system may be expected and must be minimized.
Commercially available flowmeters are designed for industrial use and are expensive. We describe a simple method of regulating and determining flow within the above constraints. Because most institutions carry all the apparatus used in this device, it may be constructed at minimal cost.
METHODS
The system consisted of a primary and secondary flow restrictor located near the distal end of the tubing carrying the hydrogen gas ( fig. 1 ). The primary restrictor was a 25-gauge needle with the shaft snapped off at the hub in order to prevent the tip of the needle impacting in the wall of the tubing during manipulation, leading to obstruction of gas flow. Substitution of a different primary flow restrictor allowed the flow range available to be altered (see below). A T-connection in the tubing upstream of the restrictor allowed connection of a mercury-in-glass manometer (an old sphygmomanometer), to measure die gas pressure. The cylinder valve was used to regulate die pressure upstream of die restrictor. Hydrogen was introduced into the anaesthetic circuit by attaching a 21-gauge needle to the end of the delivery tubing and pushing the needle into the ventilator tubing. This secondary flow restrictor remained unchanged throughout all the experiments. The siting of the primary flow restrictor close to the secondary restrictor minimizes susceptibility to back pressure effects from the ventilator. Calibration of the device was carried out by measuring the volume of water displaced from an inverted measuring cylinder in a given time at a specific hydrogen pressure (or, for low flows, the time taken for a given volume flow at a specific driving pressure). It is important that the volumes are measured at a standard pressure. This was achieved by ensuring that the water levels outside and inside the measuring cylinder were coincident.
Pressure-flow curves were plotted for the 25-gauge hub and intact 25-, 23-and 21-gauge needles as the primary flow restrictor ( fig. 2 ). The internal diameters of the needles were measured with a micrometer.
Reproducibility was assessed by measuring flow using the 25-gauge hub at pressures of 20, 40, 60, 80, 100 and 200 mm Hg.
Analysis of the curves was undertaken using least squares linear regression and least squares polynomial curve fitting.
The ability of the flowmeter to provide a stable gas flow into the anaesthetic system was assessed using carbon dioxide. An artificial lung was ventilated using the system in figure 1 and the flowmeter used to add carbon dioxide to the fresh gas flow. The carbon dioxide concentration was figure 3 . Figure 4 shows an expanded view of the data points corresponding to flows of less than 0.6 litre min" 1 . It is clear from this figure that the linear regression line plotted for these data allows estimation of flow from pressure with reasonable accuracy, the maximal residual value being 37 ml min^1 at a pressure of 50 mm Hg (an indicated flow of 390 ml min" 1 ). The data obtained from multiple flow measurements using the 25-gauge hub as the primary flow restrictor at a range of pressures are shown in table II. The maximum coefficient of variation was 2.91%.
The traces in figure 5 show the variation in carbon dioxide with a steady flow of the fresh gas past the analyser port (with the lung disconnected) and during ventilation. The variation in carbon dioxide concentration attributable to the phase of the ventilator cycle is < 0.1 % at a carbon dioxide concentration of 3.3%.
DISCUSSION
Calibration by the technique described above is obviously unsuitable for gases which are significantly soluble in water, and in this circumstance a fluid in which the chosen gas has a low solubility should be used. We have made no attempt to account for changes in ambient temperature or barometric pressure, as these will be negligible [1] . However, if the flowmeter is to be used in an unusual environment, it should be calibrated in this situation. Although not examined formally, the performance of the device was stable with time (suggesting that there was no blocking of the flow restrictor), provided it was not dismantled and reconstructed, which is the explanation for the discrepancy between the flows noted in tables I and II. Theoretical considerations suggest that the curve obtained from the data should comprise an initial linear portion corresponding to laminar flow (in which flow is directly proportional to pressure), followed by a non-linear segment related to the onset of turbulent flow (during which flow becomes proportional to the square root of pressure [2] ). On inspection, all the curves show a pattern that is consistent with this explanation.
The flowmeter system described is of a constant orifice type [3] . It has antecedents in a system described by Pask [4] , although the present device is much simpler and more flexible. It may be used to measure a wide range of flows of any gas or gas mixture, simply by choosing a suitable flow restrictor and determining a calibration curve. Very low flows may be achieved by using two or more primary flow restrictors in series. The device used by the authors was constructed from discarded equipment and proved reliable and capable of a high degree of accuracy, as indicated by the maximum coefficient of variation of 2.9% at low flows (table II) .
The oscillation in concentration of carbon dioxide in figure 5 shows that the flowmeter is relatively unaffected by back pressure. The use of a critical orifice (an orifice through which the gas flows reaches sonic velocity when the pressure difference across the orifice exceeds 1 atm) would obviate this problem. However, the constraints of pressure and flow would require an extremely small orifice and a pressure-measuring device capable of registering, with accuracy equivalent to a mercury-in-glass sphygmomanometer, pressures of greater than 1 atm. These items are not readily available.
We would suggest that a restrictor is chosen such that the desired range of flows is less than the observed critical flow rate. This ensures that the system is operating in close approximation to linearity. If the highest possible accuracy is not deemed necessary, a single calibration point at the maximum desired flow rate, plotted to produce a straight line drawn through zero, may be used to predict flow rates. However, the flowmeter may be calibrated throughout its range and a curve fitted to the resulting data points (we found empirically that a second order polynomial produced an extremely close fit in these circumstances). As our original brief was to produce a system capable of high precision and stability of flow, the inconvenience of a non-linear scale was unimportant. A final caveat relates to the cylinder valve. "Pin-index" cylinders may not be used to drive this flowmeter because their valves are either "on" or "off"; however, the valve of a "bullnose" cylinder allows a range of adjustment that has proved satisfactory in our hands.
